Introduction
Heritage structures serve as a record of societal and cultural progression in the fields of engineering and architecture. Often, historic structures face funding constraints that dictate the extent of preservation and documentation. Thus, it is important to investigate affordable best practices for documenting a structure, obtaining a complete structural assessment and creating a preservation plan. This paper discusses the development and application of a preservation workflow on the Morris Island Lighthouse.
The International Council on Monuments and Sites (ICOMOS) is an international nongovernmental organization that is dedicated to the preservation and protection of world heritage. The ICOMOS General Assembly sets forth a charter that defines principles for the analysis and conservation of structural heritage. The charter recognizes the need for a well-defined preservation plan that includes documentation, diagnosis and delivery of results [1] . However, these principles do not provide direction as to how a project should be conducted to conserve time and money while still performing a complete structural analysis. This paper aims to demonstrate a successful example of such a process.
Previous work has shown that it is beneficial to combine multiple techniques such as documentation, monitoring and structural analysis to gain a holistic view of a structure [2, 3] . Within these individual techniques, there are several complementary strategies, which should be employed to comprehensively understand a historic structure. For instance, documentation is a complex process that is dependent on the structure's geometry and context. It requires the use of multiple sources and technology to collect data such as assembling historical evidence; aerial, terrestrial and panoramic photography; photogrammetry and visual inspection [4] . By combining complementary types of documentation with analysis techniques such as structural health monitoring (SHM) and numerical modelling, a more detailed understanding of a structure, any possible damages and future interventions is possible [5] [6] [7] .
While the importance of an integrated workflow is known in the literature, present studies do not focus on affordability and time efficiency. Letellier [8] , one of the most cited texts for preservation planning, describes a broad workflow for different phases of historic conservation [8] . While this workflow is useful for preliminary and documentation stages of a preservation engineering project, it does not address specifically how to integrate structural analysis and health monitoring into a cultural heritage project. The standardization of processes is intended to enhance efficiency when similar projects are conducted regularly. Thus, this paper seeks to develop a workflow that can be followed on a broad range of heritage structures to obtain a holistic view of its structural status while respecting the time and budgetary constraints. This paper will introduce the selected case study by presenting relevant archival data for the lighthouse collected during the documentation phase of the project. Then follows details on the physical documentation of the structure's current state using innovative and affordable technology with a discussion of presenting acquired data in a virtual tour and informational modelling (VT/IM) environment, after which two different quantitative analyses and their results are shown. Finally, a specific workflow summarizes how ICOMOS principles can be implemented to perform an efficient structural analysis, as was done for this case study. The success of the methods is discussed in the conclusions.
Case study of the Morris Island Lighthouse
Lighthouses have played an important role in United States' history since the colonial period. Following the American Revolution, one of the first acts of the federal government was to implement a lighthouse system, the first public infrastructure system of the United States [9] . Therefore, the Morris Island Lighthouse in Charleston, South Carolina, is an apt case study of a historic structure that can benefit from an efficient workflow for the documentation, analysis and preservation of heritage structures. The first permanent lighthouse on Morris Island was constructed from 1757 to 1777. It was destroyed by fire, and the second was destroyed during the American Civil War. The lighthouse discussed in this paper was built in 1876 as a show of unity between the southern states and the union; once again, the lighthouse was a symbol of federal strength [10] .
In 1886, an earthquake of approximately 6.7-7.1 magnitude struck Charleston [11] . The lighthouse sustained two large cracks in the masonry and the light's lens required replacement. However, no repairs were made to the structure itself. Further damage was caused by a jetty system that unintentionally accelerated the erosion of Morris Island [10] . By 1938, the lighthouse keeper and his family were forced to abandon their home on the island because the tides were causing parts of the complex to fall into the ocean [12] . Subsequently, the light was replaced with an automatic gas beacon that was in commission until 1962 [13] .
Currently, the non-profit group, Save the Light, Inc., manages the monument and is conducting an on-going preservation project [14] . This research was performed in partnership with the group. Persistent threats to the lighthouse are lean of the tower due to erosion, salt spray, high winds and biological degradation by sea birds. In addition, the coast of Charleston often experiences high category hurricanes [15] and lies on a fault line with the potential for large seismic events [11] .
Contracted engineers have previously surveyed the lighthouse and performed finite-element analysis to provide overall stability analysis. However, to derive the origins of specific crack patterns, a more in-depth understanding of how the masonry performs under specific loading conditions was needed. To accomplish this distinct element modelling (DEM), a subcategory of discrete element modelling, was performed. This subcategory refers specifically to models based on finite difference principles. The discretized blocks are separated by a zero thickness mortar representation that does not require a continuous stress distribution between elements [16] . The results of this analysis were combined with short-term SHM data to obtain a comprehensive understanding of the structure's condition. Structural results and historical data were presented in an interactive VT/IM format for use by Save the Light, Inc. Given that this paper integrates several methods, a literature overview is not presented in a single introductory section, but rather in each section relative to the method that it describes.
Documentation (a) Background
Understanding the current state of the lighthouse is critical to making engineering judgements about the structure. Therefore, extensive documentation and archival research were necessary before developing recommendations for the lighthouse.
VT/IM is an innovative solution that addresses the requirements for documentation set forth by ICOMOS [17] and Patias & Santana Quintero [18] . A VT/IM environment hosts heterogeneous data types in a virtual reality system that allows users to understand how data relates to threedimensional space. This format is intuitive; the structure and associated data can be visualized with respect to its physical location and significance [19] [20] [21] . VT/IM technology is used to present historical as well as structural data and metadata associated with the lighthouse.
(b) Documentation of the Morris Island Lighthouse
Aerial and terrestrial photogrammetry was performed using a DJI Phantom 4 drone [22] and a Canon DSLR camera [23] , respectively. The drone was manually flown at approximately 2 m from the lighthouse and recorded photographs every 2 m 2 that it flew. The photographs were used to create a geometric, scaled model of the lighthouse in Agisoft Photoscan Pro [24] practices outlined by Napolitano & Glisic [25] . The model provides detailed information about the structure including geometry and crack patterns (figure 1).
VT/IM environments were created to serve as information management systems for Save the Light, Inc. The environments are created by stitching together 360°spherical panoramic photographs. The photographs were taken methodically throughout the structure's interior and exterior base with a Ricoh Theta S [26] camera on a levelled tripod. The software Kolor Panotour Pro [27] was used to stitch together the panoramas into a virtual environment.
Users can navigate and interact using 'hotspots,' which are on-click conditionals that are programmed to perform a prescribed task. 'Hotspots' are also used to access stored data and metadata such as construction drawings, SHM data (raw, processed and analysed), sensor specifications, etc. Thus interested parties are provided with an organized set of information that can be altered continually and used to augment the preservation process. Figure 2 is two screenshots of the VT/IM environment interface, and a video of navigation through the interface can be accessed here: https://tinyurl.com/VTIM-Video.
In addition to generating a VT/IM environment for organizing data, another environment was created to serve as a virtual museum. This VT/IM provides details about the non-profit and how to donate funds, history from the colonial period up to the present and examples of locations on the structure in need of preservation. The virtual environment is intended to be publicly available on the non-profit's website with the hope of attracting more donations and interest in the structure. By creating the two identical, parallel environments, the documentation phase serves as a way to both accumulate funds for the project and provide structural information without a significant increase in money or time expenditures. 
Structural health monitoring (a) Background
SHM is a process aimed at providing in-time and accurate information concerning a structure's condition and performance. It can be carried out as permanent continuous, periodic continuous or periodic over short or long terms [28] . term (typically a few days), mid term (a few days to a few weeks), long term (a few months to a few years) or over the whole duration of the structure's life. It has been well documented that SHM is an accurate and useful tool for historic masonry structures. Bartoli et al. [29] use a digitally controlled structural monitoring system to measure the widths of cracks and movement of Brunelleschi's dome in Florence with respect to time and temperature changes. Historical data were used in that study as a reference point to interpret new results [29] . DelloRusso et al. [6] discuss crack monitoring of a masonry tower on the Milwaukee City Hall. The results from monitoring were compared with finite-element analysis to make recommendations for repair and preservation of the structure [6] . These studies are only a few examples that validate the use of SHM on historic buildings, particularly with regard to monitoring crack openings, and the use of numerical modelling results as an appropriate for comparison for SHM data.
Raby et al. [30] and Trinh et al. [31] use a camera system to monitor the displacement of the Eddystone Lighthouse in response to wave loading. The monitoring was used to determine the displacement due to wave height. The results of monitoring analysis were compared with finite-element results, thus serving as an example of how SHM and numerical modelling can be used in combination for dynamic loading [30, 31] . This study expands on these techniques by using different modelling techniques and contextualizing these analyses in the broader scope of a preservation project.
(b) Methodology
The Morris Island Lighthouse is instrumented with a discrete SHM system that consists of crackmeters and temperature sensors. Owing to cost constraints, only a limited number of sensors are installed. The system was implemented in 2007 prior to the start of a foundation stabilization to monitor any adverse effects due to intervention works. The system was turned off in 2007 but remained in place after stabilization works were completed. The original purpose of the system was to monitor the lighthouse's condition during circumstances of heightened risk. However, it can also be used to gather meaningful information about how the structure behaves under environmental loading situations such as gravity, coastal storms and cyclical weather changes. Thus, the existing system was used to resume monitoring of the masonry tower in November 2017. The short-term analysis presented in this paper encompasses data from November 2017 to March 2018. This duration is long enough to derive preliminary conclusions about the structural behaviour [6, 32] . However, periodic, long-term monitoring of the tower is still on going. Readings were taken at regular 4 h intervals for a total of six readings each day. Based on the monitoring goals of this study, the interval was found to be sufficient to provide information about the variation of the measured values with temperature fluctuation. The sensors are installed 90°from each other in pairs on the tower's interior at the first and sixth landings, as shown in figure 3 .
Four crackmeters are installed on the tower at the first and sixth landings. There is one Slope Indicator crackmeter with a range of 100 mm and resolution of 0.015 mm and three Geokon vibrating wire displacement transducers (VWDT) with a range of 100 mm and resolution of 0.025 mm, also referred to as crackmeters in this paper [33] [34] [35] . These sensors are anchored to the wall on either side of the monitored crack and operate by measuring tension induced in a vibrating wire due to changes in the width of the crack openings [34, 35] . Each sensor is outfitted with a thermocouple to record the local temperature. Figure 3 indicates where the crackmeters are located on the tower (VWDT-1 through VWDT-4). The crackmeters are placed such that the sensors aligned with the primary axis monitor a crack that spans the majority of the height of the lighthouse and the sensors aligned with the secondary axis monitors cracking that runs between the landing support beams.
All data are presented relative to a baseline reading taken in 2007 to contextualize the analysis. These data are analysed in two ways: (i) live measurements are considered to be all of the data readings together as a whole, and (ii) filtered measurements are considered to be the readings taken only at 04.00. The readings at 16.00 were isolated as they experience the least influence from temperature fluctuations throughout the day; they are used to explain the structure's longterm behaviour since they minimize the influence of thermal gradients and exclude daily cyclical temperature changes that often do not contribute to overall trends of structural behaviour [28] . This approach was compared with results for a moving average analysis; the results of the two methods were not significantly different so only the filtered approach (i.e. 04.00 data) is presented.
(c) Results and discussion
This section discusses the data obtained by the SHM system implemented on the tower. Figure 4 shows the temperature readings taken at each sensor for the duration of the monitoring period compared with the average daily temperature in Charleston [36] . The comparison shows general agreement in trends and magnitudes between the two sets of data, which validates the measurements in the lighthouse and confirms that the monitored period is typical for the region. The thermocouple at VWDT-4 malfunctioned so its data have been excluded from the analysis. Over the course of the project, there are three distinctive local extrema in early November (21°C), early January (−3.0°C) and late February (20°C) that are important to consider when discussing a structural response. Figure 4 . Live temperature data for the assessed monitoring period.
Not only does the temperature change over time, but also over the physical structure itself. It was observed that the temperature is strongly dependent on both the vertical and radial location of the sensor. As expected, the shaded side of lighthouse (at 0°bearing) is colder on average than the side that receives sunlight (at 90°bearing), and the bottom of the tower, which is better insulated due to the thickness of the masonry, is warmer on average than the top of the tower.
As previously discussed, four crackmeters monitor the behaviour of two cracks on the tower's interior. Figure 5 shows the filtered data (i.e. 04.00 data) recorded for these cracks. Overall, the crack opening widths are consistent with thermal variations. The width of the crack measured by VWDT-2, the Slope Indicator sensor, is an order of magnitude larger than the other three measurements and is plotted on the secondary axis, but all of the cracks display approximately the same trend over the monitoring period. All of the cracks have a maximum opening width in early January, corresponding to the minimum temperature during the monitoring period. They all also show local minimums in early November and late February corresponding with the warmest periods of monitoring. The filtered data plotted in figure 6 demonstrate that the behaviour of the cracks is fairly linear with respect to temperature, with the exception of VWDT-1. VWDT-1 is in the most insulated location of any of the sensors because of the masonry thickness towards the base of the structure and the lack of sun exposure. Thus, the structure changes less with temperature fluctuations at this location and exhibits less linearity. It might be beneficial to replace this sensor with one with higher sensitivity to see if that improves the linearity of the results.
The small magnitudes of crack opening width measured by VWDT-1, VWDT-3 and VWDT-4 suggest that these cracks are not hazardous to the structure. The crack at sensor VWDT-2, which experiences the most drastic temperature change of the 16.00 readings due to lack of physical insulation, also has the largest variability in crack width opening. Nevertheless, the range of the crack opening is small (−0.1 to +0.25 mm) and thus likely not adverse to structural safety. Since the crack width opening returns to the baseline reading for all sensors and there is no growth on the timescale of months, it can be concluded that the cracks are stable. However, they should continue to be monitored to observe behaviour on longer time scales and during warmer periods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . environmental loading, particularly for chimney or tower-shaped structures. The Qutub Minar is a tapering cylindrical masonry tower in Delhi, India, structurally evaluated by Peña et al. [37] . This study and others show the applicability of using nonlinear approaches for modelling the dynamic response of masonry towers [7, 38, 39] . Caliò et al. [40] applied DEM to complex brick structures to prove the method's agreement with theoretical and experimental results, thus showing that DEM can be used specifically for brick and mortar structures [40] . In particular, the use of the DEM software 3DEC by Itasca was validated on Greek masonry structures by Alexandris et al. [41] . The paper's three-dimenaional analysis shows it is possible to detect damage patterns and collapse with the use of DEM [41] . In this project, numerical methods are used to model wave loads on the structure. Raby et al. [30] evaluate extreme wave loading on a masonry lighthouse using finite-element analysis [31] . The tower's response is modelled reasonably accurately with numerical methods compared to SHM data. It is shown that the numerical modelling of wave loading on masonry structures provides useful information about their behaviour [30, 31] .
(b) Methodology
This project used the DEM software 3DEC [42] to analyse the effects of gravity, wind, wave and seismic loads on the Morris Island Lighthouse. The geometry used for DEM simulations was created in the three-dimensional modelling software Rhino [43] . The model is an idealized version of the lighthouse that was created using survey drawings from archival research and onsite documentation [44] . For background and theory on DEM, refer to the existing literature on the method [3, 16, 42, [45] [46] [47] .
After the initial geometry was created, the appropriate material properties were assigned in 3DEC and a Mohr-Coulomb constitutive model was applied. Since material testing was not allowed for this project, the material properties for the stones and joints were derived from the literature and can be found in table 1. These values were considered acceptable as they are taken from masonry studies with similar material and geometrical features [48, 49] . Previous works have used values from the literature with success [50] [51] [52] .
(c) Loading conditions
Four types of loading were initially applied to the model to simulate damage to the structure: (i) gravity only, (ii) wind and gravity, (iii) wave and gravity and (iv) seismic and gravity loads. Loads (ii)-(iv) were determined based on ASCE 7-10 [53] .
To calculate wind loading, the lighthouse was approximated as a chimney. Chapter 29 of ASCE 7-10 [53] details how to calculate vertically distributed lateral forces on a round chimney to model wind conditions on a structure. Wind loads were simulated as vertically increasing lateral loads applied perpendicular to one side of the base ( figure 7) .
For wave loading, ASCE 7-10 Section 5.4.4 was used [53] . The structure was treated as a vertical column and the horizontal load was applied at the still water elevation as shown in figure 7 . For both wind and wave loads, the load was applied perpendicular to each of the eight sides of the lighthouse's base to gather data for each possible condition.
Seismic loading was simplified to be 20% of the dead load of the structure applied over the entire structure [54] originating from three likely angles based on historical data from the Simplified representation of the horizontal wave loads applied to the tower: (blue) vertically increasing wind load applied at varying magnitudes, (red) seismic load applied as 20% of the dead load of the structure and (green) wave load applied approximately at the still water level. The plan view (below) depicts the direction in which the loads were applied for the load combinations; these directions were determined to be the closest to the real loading directions. earthquake in 1886 [11] . Two of the chosen angles run approximately perpendicular to the isoseismals radiating out from two epicentres; the third angle bisects the aforementioned two. Figure 7 shows how the seismic load was applied to the structure.
Live loads were introduced for combined loading simulations. The live load was taken to be 1.92 kN m −2 on each landing based on the minimal occupancy of the structure and improbability of inhabitancy during an extreme loading event. This value was chosen based on ASCE 7-10 values for structures with similar occupancy [53] . Dead and live vertical loads were applied in the program as a function of gravity, material density and material volume.
These isolated loading conditions were used to predict the most realistic direction by which the loads affect the real structure. Once these directions were determined, they were applied in combinations according to ASCE 7-10. The plan view shown in figure 7 demonstrates the directions that were ultimately used in the load combination analysis The behaviour of the structure under a combination of these loads is discussed later in this section.
(d) Results and discussion
The crack mapping established during documentation was used as a reference for comparison to the DEM results [55] [56] [57] . Each of the 38 simulations was assessed and only the loading conditions which exhibited cracking most similar to the maps are presented. Figure 8 is a plot of the cracks induced by each load type; colours indicate the magnitude of the crack width. The second column, labelled 'Gravity', of figure 8 shows that the tower exhibited almost no cracking under self-weight. The largest cracks from gravity loads are located near the windows where blocks were not properly constrained due to the simplified modelling. Therefore, this behaviour is a limitation of the method and can be ignored. The gravity load plots are shown to demonstrate the wind, wave and seismic loads' much greater influence on the structure. It was expected that the scenario that would most resemble the existing cracking would be one of the loading cases for the prevailing wind directions: northeast, south and southwest. Qualitative comparison with the crack maps determined that the cracking due to winds from the south most closely match the cracks' extent on the actual structure. When viewing the simulation plots, it is important to remember that they represent the worst-case loading scenarios prescribed by ASCE code. Therefore, the magnitude of the cracks is generally exaggerated; however, the location of the cracks agrees well with the crack map documentation (figure 8). Vertical cracking emanates from window edges and the top of the tower on the northwest and southeast elevations in patterns similar to those documented on the crack maps. Additionally, it appears that wind loading contributes to some of the smaller cracks propagating out from the large vertical cracks on the northeast and southwest elevations that are discussed with seismic loading. The general agreement of these results with the actual structural damage indicates that this wind direction is most critical to the structure's behaviour. Thus, it is used for loading combinations in subsequent analysis.
Perpendicular wave loading was applied to each side of the structure's base. The application of the load from the east caused damage most similar to that present on the lighthouse. The fourth column, labelled 'Wave,' of figure 8 depicts the results of this scenario. Wave loading was only applied to the base of the structure, but it created cracking very similar to that shown by the wind load scenario in both pattern and magnitude. Cracks develop near windows, the top of the structure and as large vertical cracks on the northeast and southwest elevations. Wave loading appears to contribute more to the cracks at the top than wind loading does based on the magnitudes shown in figure 8 .
Though they are applied at different points and direction on the structure, because the two loading scenarios are lateral and have similar force values, it might be expected that their results are similar.
Seismic loads were also applied to the structure from the three previously discussed angles. Based on comparison with the crack maps, the most probable angle of application is the one that bisects the two epicentres (Column 'Seismic', figure 8). It is apparent that the magnitude of the cracks due to earthquake loading is significantly larger than those due to the other three scenarios. There are finite small displacements (dark blue) between larger interconnected cracks. The displacements likely reflect relative displacement between the blocks but are not cause for concern. The interconnecting cracks are more significant to the lighthouse's structural behaviour. In particular, the large (yellow) cracks on the northeast and southwest elevations span the greatest distance down the tower and are most similar to those observed on the actual structure. However, SHM data indicate that these cracks are stable and do not currently pose a threat to the structure's stability.
The extreme loading cases presented in figure 8 are based on ASCE code and are indicative of worst-case loading scenarios. However, the patterns produced are useful for identifying the probable causes of the current cracking on the lighthouse. From the qualitative analysis done on these simulations, it was determined that the lighthouse has been most effected by the wind from the southeast, waves from the east and seismic forces with a bearing of 305°(from North). However, in reality, none of these load types have impacted the structure in isolation. Therefore, a study using the most probable load combinations is necessary to further understand how the current cracks could have occurred. Factored load combinations from ASCE 7-10 were applied to the structure. The code assumes that the worst-case scenario for earthquakes and wind do not occur at concurrently, but wind and wave conditions are combined to demonstrate the effects similar to those caused by a hurricane. The code gives four equations for load combination used in this paper: These equations were used to define combined loading scenarios; the results are shown in figure 9 . Only four sides are shown with the understanding that the other four sides can be seen peripherally. The first of these combinations is dead load, wind load, wave load and live load according to equation (5.1). The plot shows that the structure fails under this loading. The large vertical cracks that are present in each initial simulation propagated and caused the structure to buckle under its own weight. Similarly, the simulation performed in accordance with equation (5.2) caused failure due to slippage and buckling. It is notable that the comparable loading situations defined by equations (5.3) and (5.4) did not cause the structure to fail. This indicates that the inclusion of live load and the additional 20% of dead load are significant enough to cause failure mechanisms to develop; thus, the defined wind, wave and seismic loads are only slightly less than the load required for failure. This finding is very important, as it indicates that the lighthouse should not be subjected to additional load.
Proposed preservation workflow
One of the primary objectives of this work was to develop a structural analysis-based workflow for cultural heritage preservation projects. A novel workflow that includes these crucial aspects Figure 10 . Proposed preservation workflow followed for this case study.
of preservation engineering is presented in figure 10 ; the workflow generalizes and expands on the one used on the case study of the Morris Island Lighthouse. The first phase of conducting a preservation project should be the collection of relevant data. Relevant data are anything that informs the interested party about how to proceed with preservation. Archival data pertaining to construction, historical evidence, past preservation, SHM data, etc., are useful when making decisions. For the Morris Island Lighthouse, survey drawings of an identical lighthouse, climate data, historical photographs and baseline SHM data were used to inform simulations and interpretation of structural analysis results. Upon completing data collection, they must be analysed to form conclusions about the structure's current state. SHM and numerical methods analysis were performed on the lighthouse using prior documentation or the literature to contextualize the results. Based on the comparison, conclusions were drawn about the structure's stability and residual capacity.
These conclusions were used to inform recommendations made to the owner. To communicate the rationale behind these recommendations, Virtual Tour and Informational Modelling (VT/IM) environments were created, containing the results of data collection and structural analysis. The VT/IM systems serve as an effective way to express findings.
The methods chosen for this case study were affordable. The analysis conducted cost less than $3000 and was performed in 1 year. However, not all preservation projects have access to the resources presented in this paper. For example, some of the software such as Agisoft and 3DEC have professional licensing fees, which exceed the budget of a small, non-profit organization. SHM sensors have a high initial cost that was avoided because the system was already installed on the structure. However, the broader path of this workflow can still be followed with affordable alternatives and is flexible enough to be altered for individual projects.
Conclusion and future work
This work was motivated by the desire to preserve cultural heritage as a record of achievement and progress. Historic structures must be inspected and properly maintained if they are to survive for future generations. There is no detailed standardized process for comprehensive damage analysis; thus, this research sought to develop an efficient workflow that addresses this challenge and aids preservation engineers in these efforts.
Detailed mapping of the current cracks on the structure illustrates that the lighthouse has sustained significant damage. Through short-term SHM, this project revealed that presently the structure is stable. Crack width openings return to their baseline repeatedly after small variations due to temperature change. However, continued monitoring of the structure will be carried out to assess its stability over a longer period of time that encompasses a longer record of climate effects. The owner of the lighthouse has been advised to install additional thermocouples throughout the tower to better understand the structural behaviour's dependence on local temperature fluctuations.
Stability was further investigated through DEM. This investigation showed that the structure appears to be stable under normal loading conditions. According to the analysis, only a small increase in loading above what is considered to be present at this stage might cause the failure of the structure. This indicates the need for reinforcement to withstand future large seismic or hurricane forces. A more sophisticated model such as a detailed or simplified micro-model should be created to confirm this finding before conducting a preservation intervention. In addition, characterization of materials recommended to accurately inform models about materials properties. As discussed in the documentation section, these results were presented to the owner in an interactive VT/IM environment. As a result, the authors continue to work with Save the Light and a local preservation engineer to assess actionable interventions.
Organization and efficiency of processes are improved by the standardization of workflows. The workflow developed in this work combines documentation, analysis and recommendations to allow for effective preservation intervention. The workflow was illustrated through its application to the case study on the Morris Island Lighthouse.
The workflow presented adheres to principles set forth by the ICOMOS General Assembly and allowed for an effective evaluation of the Morris Island Lighthouse within the strict time and monetary limits of this project. It presents an actionable list of steps for those conducting an analysis of historic structures. Following these steps allowed for a comprehensive view of the structure's current state, including not only behaviour but also past structural history, which is necessary to proceed with preservation interventions. The nature of this workflow is cyclical such that it can be performed repetitively as more data and new results are gathered. This component is crucial to a workflow dealing with the inherently recurrent field of preservation engineering. These conclusions are made based on the first iteration of this workflow on the lighthouse case study. This paper provides a foundation for such a workflow to be improved upon as additional preservation projects are undertaken. 
